Adult T-cell leukemia/lymphoma (ATL/ATLL) is one of the most malignant lymphomas with poor prognosis. ATL/ATLL cells express CC chemokine receptor 4, and mogamulizumab (anti-CCR4 monoclonal antibody) exhibits strong cytotoxicity for ATL/ATLL cells. We analyzed plasma samples of 6 patients with ATL/ATLL treated with chemotherapy followed by mogamulizumab therapy (mogatherapy) for changes in the levels of biomarkers in relation to immune-related adverse effects. As treatment is often associated with skin eruptions, we investigated the profiles of inflammatory cytokines, including galectin-9 (Gal-9), which becomes increased in various infectious diseases and allergic patients. Gal-9, soluble interleukin (IL)-2 receptor, tumor necrosis factor-α, and IL-10 levels were increased before chemotherapy, and Gal-9 levels were associated with the sIL-2 receptor, which reflects tumor burden. Inflammatory levels decreased after chemotherapy. After mogatherapy, 5 of 6 patients attained complete remission (CR), whereas 1 patient showed no response (NR) and died. Among 5 patients with CR, the biomarkers remained low during mogatherapy, except for a 3-5-fold increment in Gal-9 (associated with skin eruptions). A skin biopsy showed infiltration by inflammatory cells and Gal-9 synthesis in areas with CD8 cell infiltration. In the patient with NR, increased levels of Gal-9 and the aforementioned biomarkers were noted 3 days after mogatherapy, followed by opportunistic infections resembling immune reconstitution inflammatory syndrome. Therefore, an increased Gal-9 plasma level in ATL/ATLL indicates tumor burden and reflects immune activation by mogatherapy. These findings may indicate that an increase in the Gal-9 level, a novel immune checkpoint molecule, can reflect immune-related adverse effects of various biotherapies.
Introduction
Adult T-cell leukemia/lymphoma (ATL/ATLL) was established as a distinct clinical entity in Japan in 1977 (Uchiyama et al. 1977) , and it is associated with a poor prognosis (Tsukasaki et al. 2007) . ATL/ATLL cells were initially shown to be positive for mature T-cell surface antigens CD3, CD4, and CD25, and negative for CD8 with rare occasions of double negativity or double positivity for CD4 and CD8 (Hattori et al. 1981; Hattori et al. 1991) . Subsequent studies on the nature of ATL/ATLL cells have shown that they are also positive for regulatory T-cell (Treg) markers, such as FoxP3 (Karube et al. 2004; Roncador et al. 2005 ) and the CC chemokine receptor 4 (CCR4) (Yoshie et al. 2002) . Moreover, several secreted (cytokine) and cell surface-associated (receptor) factors serve as important clues for monitoring the activity and prognosis of patients with ATL/ATLL (Yasuda et al. 1988; Yamada et al. 1996; Mori and Prager 1998) . We have also shown that ATL/ ATLL cells express the chemokine ligand 3 (Yamamura et al. 1989 ). Subsequently, ATL/ATLL cells were found to be CCR4 + , which led to the development of anti-CCR4 monoclonal antibody (MoAb) therapy (KW-0761 or mogamulizumab) after discovering that about 90% of ATL/ATLL samples are positive for CCR4 (Ishida et al. 2003) .
This antibody therapy was found to be effective for treating patients with ATL/ATLL (Ishida et al. 2012 ) who have limited treatment options owing to the intrinsic resistance of ATL/ATLL cells to conventional chemotherapy (Ikeda et al. 1999) . However, treatment with mogamulizumab therapy (mogatherapy) has been often associated with skin eruptions as adverse effect, and a patient with ATL/ATLL with Stevens-Johnson syndrome after receiving the therapy was reported (Ishida et al. 2013) . Accordingly, accumulating clinical evidence for the use of this newly introduced monoclonal antibody treatment is important to understanding its usefulness for treating ATL/ATLL.
We have been studying the roles of galectin-9 (Gal-9) in various disease conditions, such as acute virus infection, parasite infection, and allergy (Chagan-Yasutan et al. 2009 Saitoh et al. 2012; Dembele et al. 2016) . Gal-9 is a β-galactoside binding lectin that has a demonstrated regulatory role in excessive immune responses (Oomizu et al. 2012) . Gal-9 has been shown to induce Treg cells (Seki et al. 2008 ), which in turn have been reported to synthesize Gal-9 (Wang et al. 2009 ). Additionally, Gal-9 binds to T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), inducing cell death in TIM-3 + T-helper (Th)-1 cells and ameliorating experimental autoimmune encephalitis (Monney et al. 2002; Zhu et al. 2005; Dardalhon et al. 2010) . These findings led to the proposition of Gal-9 and its receptor TIM-3 as new immune checkpoint molecules (Anderson et al. 2016) . Recently, ATL/ATLL cells were reported to have a Treg phenotype, and Gal-9 is expressed in normal Treg cells (Kohno et al. 2005; Ishida and Ueda 2011; Oomizu et al. 2012) . However, it has not been clarified how Gal-9 is involved in the pathophysiology of ATL/ ATLL and in immune alteration after mogatherapy directed against CCR4. Therefore, in this study, we retrospectively investigated plasma samples from patients with chemorefractory ATL/ATLL treated with mogatherapy for changes in the plasma levels of Gal-9 and other biomarkers in relation to immune-related adverse effects.
Materials and Methods

Study design and patient samples
The study was a retrospective analysis of plasma samples from 11 patients with ATL/ATLL obtained at Kumamoto Shinto General Hospital; patients' treatment was converted to mogatherapy after they were found to be resistant to chemotherapy (chemo-refractory). Samples were collected periodically from February 2014 to February 2015 to achieve several time points for analysis of biomarker profiles along the course of treatment. Eight patients had acute, 2 patients had smoldering, and 1 patient had lymphoma type ATL/ATLL. Among these 11 patients, 6 were included in this study, whereas the other 5 patients were excluded, as they did not have enough time points for evaluating biomarker trends. All patients were clinically diagnosed as having ATL/ATLL based on the accepted criteria for the diagnosis and clinical sub-classification of ATL/ATLL reported by the Japan Lymphoma Study Group (Shimoyama 1991) . Blood was collected in tubes containing ethylenediaminetetraacetic acid to yield a final concentration of 0.1% and processed as described previously (ChaganYasutan et al. 2011) . Plasma samples from 6 healthy individuals were used as healthy controls (HCs).
Clinical and laboratory data
The Eastern Cooperative Oncology Group performance status on a scale of 0-4, lactic dehydrogenase (LDH) level, relative proportion (%) of ATL/ATLL cells in peripheral blood, white blood cell count, platelet count, C-reactive protein (CRP) level, and other parameters were measured at Kumamoto Shinto General Hospital.
Courses of chemotherapy and mogatherapy
Patients had received various chemotherapies ( 
Luminex analysis
Plasma levels of 38 cytokines (interleukin (IL)-10, tumor necrosis factor (TNF)-α, CD40L, vascular endothelial growth factor, TNF-β, transforming growth factor-α, macrophage inflammatory protein-1β, chemokine ligand (CCL)-3, CCL22, monocyte chemotactic protein (MCP)-3, MCP-1, inducible protein-10, IL-17, IL-15, IL-13, IL-12, IL-12, IL-9, IL-8, IL-7, IL-6, IL-5, IL-4, IL-3, IL-2, IL-1 receptor antagonist, IL-1β, IL-1α, interferon (IFN)-γ, IFN-α2, GRO, granulocyte-macrophage colony-stimulating factor, granulocyte-colony stimulating factor, Fractalkine, Flt-3 ligand, fibroblast growth factor-2, eotaxin, and epidermal growth factor) were measured using a human cytokine/chemokine magnetic bead panel assay (EMD Millipore Corp., MA, USA), as previously described (ChaganYasutan et al. 2013 ).
Enzyme-linked immunosorbent assay
An enzyme-linked immunosorbent assay was used to measure the levels of Gal-9 (Gal Pharma Co., Ltd., Takamatsu, Japan) and soluble IL-2 receptor (sIL-2R) (Cell free N IL-2R, Kyowa Medex, Japan) (Chagan-Yasutan et al. 2013 ). Measurements were conducted in duplicate, and the mean value was used for analysis.
Immunohistochemistry
A skin biopsy was obtained for immunohistochemical analysis from one of the patients (case no. 5) who experienced skin eruption as adverse effect. The slide was stained with hematoxylin and eosin, and immunohistochemically analyzed for the expressions of CD4, CD8, CD25, Gal-9, and TIM3, as described previously (ChaganYasutan et al. 2011 ). The following antibodies were used in this order to analyze the expression of each of the aforementioned markers: anti-CD4 (clone 4B12, Nichirei Corp., Japan), anti-CD8 (clone C8/144B, Dako, USA), anti-CD25 (clone 4C9, Roche Diagnostics, USA), anti-Gal-9 (clone 9M1-3, Gal Pharma, Co., Ltd.), and anti-TIM3 (catalog #AF2365, R&D Systems, USA). The images were taken by AxioSkop2 microscope (Zeiss, German) with AxioCam HRc (Zeiss) and edited by AxioVision version4.8 (Zeiss).
Data analysis
Average cytokine plasma concentrations were determined to compare cytokine levels before and after treatment with chemotherapy to identify if any cytokines were initially increased at presentation; the change is expressed as a percentage decrease. Data from 3 patients were available for this purpose. Further, absolute cytokine concentrations at several time points were analyzed for each patient to investigate biomarker kinetics during the course of both chemotherapy and mogatherapy.
Statistical analysis
Graph Pad Prism, version 6 (GraphPad Software, San Diego, CA, USA) was used to perform data analysis and figure generation. The Pearson correlation coefficient was used to analyze associations between levels of sIL-2R and those of Gal-9, IL-10, and TNF-α during several time points. Differences of P < 0.05 were considered significant.
Ethical consideration
The study was conducted in accordance with the Declaration of 
Results
Patients' characteristics
Patients' characteristics are summarized in Table 1 . All 6 patients had received one or more courses of chemotherapy before switching to mogatherapy because of resistance to chemotherapy. Four of these patients (case nos. 1, 4, 5, and 6) experienced skin eruptions during or after mogatherapy. Finally, following the completion of mogatherapy, 5 patients exhibited complete remission (CR), whereas 1 patient (case no. 3) showed no response (NR) to therapy and died.
Increased levels of Forty biomarkers were analyzed in this study; however, 36 of them were either out of range below detection limit levels or very low concentrations close to the levels of HCs and were excluded.
To assess changes in biomarkers before and after treatment with chemotherapy, average concentrations in available plasma samples (from cases 2, 4, and 6) collected before and after treatment were analyzed. Levels of sIL-2R, Gal-9, IL-10, and TNF-α decreased markedly after chemotherapy. Particularly, levels of sIL-2R, Gal-9, and IL-10 decreased more than 80% (Fig. 1) . Before chemotherapy, mean plasma concentrations for sIL-2R, Gal-9, IL-10, and TNF-α were 37,113 U/mL, 1,435 pg/mL, 69 pg/mL, and 29 pg/mL, respectively. Mean plasma concentrations levels of Percentage decrease in biomarkers after chemotherapy. Average biomarker levels in 3 cases (cases 1, 2 and 4) were used to compare biomarker levels before (day −326, day −166 and day −131, respectively) and after chemotherapy (day 0, day −35 and day −90, respectively) in terms of the percentage decrease, which was calculated as follows: (biomarker level before chemotherapy − biomarker level after chemotherapy / biomarker level before chemotherapy) × 100. Soluble interleukin-2 receptor (sIL-2R), galectin-9 (Gal-9), interleukin-10 (IL-10), and tumor necrosis factor-α (TNF-α) levels are markedly high before chemotherapy and decreased substantially afterward.
HCs, as calculated from 6 healthy individuals, were 302 U/ mL, 117 pg/mL, 3 pg/mL, and 5 pg/mL for sIL-2R, Gal-9, IL-10, and TNF-α, respectively. during the course of treatment with chemotherapy followed by mogatherapy Biomarker levels were analyzed during the course of treatment with chemotherapy followed by mogatherapy (Fig. 2) . sIL-2R levels initially increased before chemotherapy and decreased substantially afterward in case nos. 2 and 4, whereas it was low in case no. 1 both before and after chemotherapy. Also, high levels of sIL-2R in case no. 6 clearly decreased after mogatherapy. In contrast, the sIL-2R level increased in case no. 3. Changes in the Gal-9 level were very similar to those of the sIL-2R level. However, increments in Gal-9 levels were observed after mogatherapy in case nos. 1 and 5 when skin eruption was observed (Fig. 3A, B) . Changes in the IL-10 level were also similar to those of the Gal-9 level, and there was a slight increase only in case no. 1 after mogatherapy. Changes in the TNF-α level were less pronounced, and the increase before mogatherapy in case no. 6 was small; however, a small increase was also seen in case no. 1 after mogatherapy. In contrast to the other patients, the levels of all markers remained high after mogatherapy in the patient with NR (case no. 3). In this patient, the highest peak of sIL-2R was observed just before death, whereas the highest peaks for Gal-9, IL-10, and TNF-α were 2 days after the initiation of mogatherapy. Results of statistical analysis indicated that the sIL-2R level was positively associated with all three biomarkers in case nos. 4 and 5, and with only the Gal-9 level in case no. 6 (Table 2) .
Levels of sIL
Skin eruptions and changes in biomarker levels
Although skin eruptions were not observed in patients during chemotherapy, 4 patients developed skin eruptions as adverse effect during or after mogatherapy (Table 1) . Biomarkers were analyzed in case nos. 1 and 5 to investigate the relationship between plasma biomarker levels and the occurrence of skin eruptions. Blood samples were collected when skin eruptions occurred, and the plasma biomarker levels were measured. Compared to the previous time point, about a 3-fold increment in Gal-9 levels for case no. 1 and approximately a 5-fold increment for case no. 5 were observed (Fig. 3A, B) .
Skin eruptions and immunohistochemical findings
Results of immunohistochemical analysis of a biopsy specimen from case no. 5 (Fig. 4) Biomarker levels were measured at several time points during the course of treatment, and there is a distinct biomarker trend for patients with a complete response compared to the patient with no response to mogatherapy. sIL-2R, soluble interleukin-2 receptor; Gal-9, galectin-9; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α; mogatherapy, mogamulizumab therapy.
infiltration by CD8-positive cells over CD4-positive cells. Moreover, the area positive for CD8 was positive for Gal-9 but not for TIM-3. Biopsy results from another case of skin eruption (case no. 1) showed essentially similar results (data not shown).
Occurrence of multiple opportunistic infections (OI) in the patient with NR
As indicated in Table 1 , 1 patient had NR to mogatherapy, and his condition failed to ameliorate during the course of treatment. This patient received chemotherapy from November 2013 to March 2014. He was found to have a Helicobacter pylori infection upon the diagnosis of acute ATL/ATLL, but no other infectious conditions were observed during chemotherapy. The recurrence of ATL/ ATLL was observed in April 2014. Mogatherapy was started in May, 2014. Further, before the therapy, the numbers of ATL cells were 3,100/ul in peripheral blood and decreased to 290/ul promptly when Gal-9 levels increased at day 1 (Fig. 2) . Furthermore, he had a fever 3 days after receiving mogatherapy, and the cytomegalovirus (CMV) antigen was detected in his blood on day 7 of treatment. The CMV infection was successfully treated by ganciclovir. After the fourth course of mogatherapy, the recurrence of fever was noted, and Mycobacterium intracellulare was detected in his sputum; he was diagnosed as having nontuberculous mycobacterial pneumonia associated with the recurrence of CMV. Further mogatherapy was ineffective, and the increase in β-D-glucan and galactomannan levels as well as chest radiography findings indicated that he also had an Aspergillus infection (day 84). Despite treatment, the recurrence of CMV infection occurred, which resulted in death (day 109). Examination of the clinical data for this patient indicated an increased CRP level and decreased LDH level from day 0 to day 8 of the first course of mogatherapy (Fig. 5) .
Discussion
We previously reported increased Gal-9 levels in both acute infections and allergic disorders (Chagan-Yasutan et al. 2009 Saitoh et al. 2012; Dembele et al. 2016) . Similarly, in the current study, it is noteworthy that the Gal-9 level was markedly increased in patients with ATL/ATLL before chemotherapy (mean, 1,435 pg/mL). After chemotherapy, the Gal-9 level substantially decreased (mean, 117 pg/mL), and this decrease was seemingly associated with the sIL-2R level, which is a marker of tumor burden (Yasuda et al. 1988) , indicating that Gal-9 also Pearson correlation coefficient was calculated and P < 0.05 was regarded as significant. r, coefficient of correlation; p, probability. Table 2 . Correlation of sIL-2R with Gal-9, IL-10 and TNF-α. Fig. 3 . A. Biomarker levels during skin eruptions (case 1). B. Biomarker levels during skin eruptions (case 5). Biomarker levels were measured at several time points during the course of mogatherapy and investigated. Marked increments in Gal-9 levels around the time points corresponding to skin eruptions are observed. *The arrow indicates the time point closest to the occurrence of skin eruption. sIL-2R, soluble interleukin-2 receptor; Gal-9, galectin-9; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α; mogatherapy, mogamulizumab therapy.
reflects tumor burden. Immunohistochemical staining of several samples from patients with ATL/ATLL also indicated that most samples stained positive for Gal-9 (unpublished observation). As far as we know, this is the first study to report increased Gal-9 levels in the plasma of patients with ATL/ATLL. Gal-9 is involved in the induction of an immunosuppressive environment, because it induces Treg cells (Seki et al. 2008) . It is noteworthy that CD4T cells expressing Gal-9 on the cell surface secrete Gal-9 upon T-cell receptor (TCR) stimulation (Oomizu et al. 2012) . We previously proposed that stimulation of the TCR/CD3 complex, represented by a low density of the CD3 antigen, is a unique feature of ATL/ATLL cells . A recent integrated molecular study of the ATL/ATLL genome also showed frequent alteration of TCR-nuclear factor κB signaling, which may suggest stimulation of ATL/ATLL cells through the TCR (Kataoka et al. 2015 ). Gal-9 shows apoptotic activity toward tumor cells or T cells (Fujihara et al. 2013) , and it should be studied whether Gal-9 has an apoptotic effect on fresh ATL/ATLL cells. In contrast to chemotherapy, an increase in plasma Gal-9 levels was observed in three patients (case nos. 1, 3, and 5) after mogatherapy. Two of these patients had skin eruption as adverse effect (case nos. 1 and 5). In these two cases, an increment in the Gal-9 level was found to be closely related to the occurrence of skin eruptions. Furthermore, the increase in Gal-9 levels was not due to the recurrence of ATL/ATLL cells, because the levels of sIL-2R remained low and immunohistochemical analysis suggested the synthesis of Gal-9 by infiltrating CD8 cells. We previously reported the increase in the Gal-9 level in an insulin to treatment with mogatherapy. He developed a fever 3 days after receiving mogatherapy with subsequent development of cytomegalovirus (CMV) infection on day 7 for which he received ganciclovir. Nevertheless, his condition worsened, and he later developed further infections, such as Aspergillus infection, nontuberculous mycobacterial pneumonia, Helicobacter pylori infection, and CMV infection recurrence, which resulted in death. Moga, mogamulizumab therapy; CRP, C-reactive protein; LDH, lactic dehydrogenase.
allergy patient who also had a skin rash and generalized itching (Chagan-Yasutan et al. 2010) . Accordingly, the Gal-9 level can increase in adverse drug phenomena, though the elevations were relatively small due to the size of the lesion. In case no. 3, the levels of Gal-9, sIL-2R, IL-10, and TNF-α increased dramatically after mogatherapy though the percentage of ATL cells decreased. Mogatherapy clears tumor cells; however, aggressive immune activation and skin eruptions can occur owing to the suppression of Treg cells in vivo (Inagaki et al. 2006) . Recently, the induction of CMV in two of 14 patients with ATL/ATLL treated with mogatherapy has been reported (Kawano et al. 2016) . A recent retrospective study from Japan also reported that pre-transplant mogatherapy increases the risk of severe and steroid-refractory graft-versus-host disease (GVHD), which leads to increases in nonrelapse mortality and the overall mortality. It was proposed that mogatherapy depletes Treg cells for at least a few months, which may increase the risk of GVHD after allohematopoietic stem cell transplantation (Fuji and Shindo 2016) . Therefore, it is possible that fatal OIs in case no. 3 could have been caused by an adverse effect of mogatherapy. The decrease of ATL cells associated with the rise of Gal-9 indicated that Gal-9 is not derived from ATL cells. The clinical profile resembles immune reconstruction inflammatory syndrome (IRIS), which is seen in patients with AIDS receiving antiretroviral therapy, though IRIS occurs in highly heterogeneous conditions and there is still no definitive diagnostic test for this complication (Walker et al. 2015) . Recently, a patient with ATL/ATLL with complicated infections, including gram-negative bacterial sepsis, CMV antigenemia, and aspergillosis, after mogatherapy has been reported (Tamaki et al. 2015) . In addition, it is also possible that worsening of ATL occur after immune-mediated adverse effect, because ATL cells are also derived from activated T cells and such complicated interaction should be carefully studied in future since low number of patients were enrolled in the study.
Taken together, we suggest that Gal-9 may serve as a marker for tumor burden before treatment and a marker for immune mediated adverse reactions after treatment. Recently, various effective biological agents have been developed for intractable diseases, such as autoimmune diseases and cancer; however, the introduction of these agents has also been found to be associated with IRIS or immunerelated adverse events (Gupta et al. 2015) . More studies on the prognostic potential of inflammatory markers, including Gal-9, would be helpful to determine whether these markers can predict patients' clinical outcomes.
